Background: Sphingolipids are important in multiple biological processes, but there is a lack of understanding of the pathways that mediate these effects. Results: Acid sphingomyelinase is involved in p38 activation, interleukin-6 production, and cancer cell invasion. Conclusion: Acid sphingomyelinase plays a role in inflammatory, proinvasive signaling in cancer cells. Significance: This work expands the understanding of acid sphingomyelinase signaling and downstream biology.
the plasma membrane could be involved in triggering signaling to IL-6. Conversely, previous work from our laboratory has demonstrated that IL-6 production and p38 activation are negatively regulated by GBA1-derived ceramide in MCF-7 cells (12) . Literature related to ASM has shown that ASM is not required for p38 signaling in ASM Ϫ/Ϫ murine macrophages (13) , whereas other work has indicated a role for ASM in cytokine production, including IL-6, with the use of an SM-based ASM inhibitor (14) . While this work was in progress, Kumagai et al. (15) showed that ASM is involved in IL-6 production in bladder cancer cells; however, a signaling pathway leading to IL-6 was not identified, underscoring the need to identify signaling pathways that ASM regulates to affect IL-6 secretion.
This work provides evidence for the involvement of ASM in the production of IL-6 and the phosphorylation of p38, in distinction to GBA1, revealing functional specificity within the sphingolipid salvage pathway. Furthermore, studies were performed that implicate ASM in IL-6 mRNA regulation by multiple mechanisms, including transcription and message stabilization, and that reveal distinct RNA dynamics among MCF-7, MDA-MB-231, and HeLa carcinoma cell lines. This study also provides novel evidence that ASM is required for invasion of aggressive carcinoma cells. The implications of these findings for sphingolipid signaling and cancer biology are further discussed.
EXPERIMENTAL PROCEDURES
Materials-Active phospho-p38 antibody and p38∂ antibodies were from Promega (Madison, WI) and R&D Systems (Minneapolis, MN), respectively. PMA was from Calbiochem. TNF␣ was from PeproTech. HRP-linked secondary antibodies were from Santa Cruz Biotechnology, Inc. Actinomycin D and myriocin were purchased from Sigma. Invasion wells were from BD Biosciences. Fumonisin B1 was from Enzo Life Sciences (Farmingdale, NY).
Cell Culture-MCF-7, MDA-MB-231, HeLa, control fibroblasts, and Niemann-Pick disease (NPD) fibroblasts were grown in DMEM supplemented with L-glutamine and 10% fetal bovine serum. Cells were cultured under standard conditions (37°C, 5% CO 2 , humidified air) and kept under 90% confluence. For a 6-well plate, 50,000 cells/well were plated and then the next day transfected with 20 nM siRNA according to the manufacturer's instructions using Oligofectamine (Invitrogen). After 48 -72 h, media were changed 1 h prior to stimulation with either PMA (100 nM) or TNF␣ (20 ng/ml). For overexpression of ASM, cells were plated at 50,000 cells/well of a 6-well plate. The next day, cells were transfected with 1 g of control vector (pEF6-V5/His 6 ) or the ASM expression vector (pEF6-ASM-V5/His 6 )(9) according to the manufacturer's instructions using X-tremeGENE 9 (Roche Applied Science). After 24 h, medium was replaced, cells were incubated for an additional 24 h, and IL-6 expression was measured by qPCR as described.
Western Blotting-Cells were harvested by direct lysis in 1% SDS, 1 mM EDTA, 50 mM Tris-HCl, pH 7.4. Lysates were sonicated, and total protein was normalized by the BCA method. Laemmli buffer was added (6ϫ), and then samples were boiled for 5 min. Equal volumes were loaded onto Criterion precast gels and run at 100 V. Proteins were transferred to nitrocellu-lose membranes, blocked with 5% nonfat milk in PBS plus 0.1% Tween 20 and were incubated overnight with primary antibodies in 5% nonfat milk in PBS plus 0.1% Tween 20. Membranes were washed in PBS plus 0.1% Tween 20 at least three times, incubated with secondary antibodies (1:5,000), washed again, and then developed in ECL chemiluminescence reagent (Pierce).
Reverse Transcriptase Reaction and PCR-Equal amounts of RNA were isolated (Qiagen, RNeasy kit) and used in a reverse transcriptase reaction according to the manufacturer's protocol (Superscript II). The final reaction was diluted to 2 mg of initial RNA/ml. For qPCR analysis, 5 l of cDNA was used per 25-l reaction in duplicate or triplicate using SYBR Green SuperMix (Bio-Rad). Real-time PCR was performed using an iCycler (Bio-Rad) consisting of a program of 95°C for 3 min followed by 40 cycles of 95°C for 15 s, 60°C for 45 s, and 68°C for 30 s. Threshold cycle (C t ) values of target genes were normalized to actin C t values generating mean normalized expression using Q-gene software (16) and expressed as -fold change compared with control. Primers for IL-6 ( Table 1) were designed using Primer-blast (NCBI) in order to specifically amplify mature mRNA, referred to as mRNA (reverse primer aligning to contiguous regions of exon 1 and 2), hnRNA (reverse primer completely within intron), or both (reverse primer aligning to adjacent exon, exon 2, to the forward primer in exon 1) with a common forward primer for these reverse primers (see Scheme 2) . IL-6 primer specificity was validated with melt curves and by DNA electrophoresis. The primer set, which would amplify both species, was only used for semiquantitative PCR, whereas the others were used for qRT-PCR. ASM, CCL5/RANTES, and ␤-actin primer sequences were described previously (12, 17) .
IL-6 ELISA-Cultured media were harvested, and IL-6 was measured by human IL-6 ELISA according to the manufacturer's protocol (R&D, Quantikine). Cellular protein was harvested and measured by the BCA method. IL-6 concentrations were normalized to total cellular protein yielding pg of IL-6/mg of total protein unless otherwise indicated. In no case did normalization alter the results significantly, ruling out changes in total cell number or total protein content as the determinant.
Confocal Microscopy-Cells were washed with cold PBS, fixed in 3.7% paraformaldehyde, and permeabilized in 0.1% Triton X-100 for 10 min. Samples were blocked in 2% human serum for 1 h and then incubated with vimentin primary antibody in 2% human serum for 90 min at room temperature. Samples were washed and incubated with secondary antibodies conjugated to TRITC for 1 h. Samples were washed again and then incubated with DRAQ5 and phalloidin, and wash steps were repeated before imaging on a confocal laser microscope (LSM510, Zeiss). CCA GGG CTA AGG ATT TCC TGC ACT T mRNA reverse (R m ) TGG ACC GAA GGC GCT TGT GGA hn/mRNA reverse (R both ) CAG CCC CAG GGA GAA GGC AAC T Invasion Assay-HeLa cells were treated with siRNA for 48 h, trypsinized, and plated in transwells coated with Matrigel in serum-free medium with either serum-free or 10% serum in the bottom chamber. The cells were allowed to grow and invade for 24 h and then stained with fluorescein. Four representative images of each well were acquired, and the number of cells invaded through the Matrigel were counted. Cells were plated in triplicate.
ASM Activity Assay-Protein lysates from MCF-7, MDA-MB-231, or HeLa were assessed for ASM activity as described previously using radiolabeled SM (18) .
Statistical Analysis-Statistical and kinetic analysis was performed with Prism/GraphPad using one phase exponential decay equation for calculating the half-life of IL-6 mRNA. Results displayed are mean Ϯ S.E. or the range when n was Ͻ3 for a given experiment. Statistical tests were performed, depending on the experiment, with significance set at a p value of Ͻ0.05.
RESULTS
Differential Regulation of IL-6 Production and p38 Activation by Sphingolipid Salvage Enzymes-Stimulation of the breakdown of complex sphingolipids by PMA through the salvage pathway has been shown to be dependent on PKC␦, a novel PKC, in MCF-7 breast cancer cells (8) . Moreover, activation of ASM, leading to ceramide accumulation, has been linked to PKC␦ activity (9) . Due to the interplay between PKC signaling and sphingolipids, it was of interest to define the roles of classical and novel PKCs in the context of IL-6 production. MCF-7 cells were chosen because they produce very low baseline levels of IL-6 but high levels in terms of -fold change upon stimulation with PMA, making this an ideal system to elucidate PKC-mediated mechanisms. MCF-7 breast cancer cells were pretreated with either Gö6976 or bisindoleilamide for 1 h and then stimulated with PMA, after which secreted IL-6 was measured. The classical PKC inhibitor, Gö6976, had no effect on PMA-induced IL-6 protein production, whereas the classical and novel PKC inhibitor, bisindoleilamide, ablated the PMA response, implicating novel PKCs in this process ( Fig. 1A) .
To delineate the role of distinct components of the sphingolipid salvage pathway (Scheme 1) for their specific contribution to IL-6 production, MCF-7 cells were treated with siRNA against ACD, ASM, or GBA1 and then stimulated with PMA for 18 h (Fig. 1B) . These siRNAs were previously used and validated in our laboratory (8, 17) and were further validated either by Western blot or real-time PCR (Fig. 1 , E and F). In accordance with our previous study (12) , we found that silencing GBA potentiated production of IL-6 ( Fig. 1B) . Conversely, downregulation of ASM significantly decreased the production of IL-6, and loss of ACD had no effect on IL-6 ( Fig. 1B) ; however, only modest silencing was achieved for ACD. The stress kinase p38 is known to play a role in regulating both transcription and message stability of IL-6 (19 -22) . Therefore, we tested the effect of siRNA against the sphingolipid catabolic enzymes on p38 activation. In a similar fashion, knockdown of ASM blunted PMA-induced p38 phosphorylation, whereas knockdown of GBA1 increased the p38 activation significantly (Fig. 1C) . These results mirrored the effects of ASM, ACD, and GBA1 on IL-6 production, suggesting that p38 is probably a signaling pathway that is downstream of the sphingolipid enzymes upon PKC stimulation.
To test whether downstream metabolism of sphingolipids by ACD is required for the GBA1 or ASM response, co-knockdown of these enzymes was tested. The results demonstrated that in the presence or absence of ACD, there was a similar -fold change in IL-6 upon ASM and GBA1 silencing ( Fig. 1D ). Taken together, these results demonstrate that ASM is required for the induction of IL-6, but further metabolism of the ASM product ceramide to sphingosine via ACD may not be required in MCF-7 cells. Furthermore, these data reveal distinct and opposing roles for GBA1 and ASM in regulation of IL-6 production and p38 activation in response to PMA.
Involvement of ASM in IL-6 mRNA Induction in MCF-7 Cells-The mechanisms by which PKC and ASM regulate IL-6 RNA were next assessed in order to determine at which point of IL-6 synthesis these are involved. To achieve this goal, we utilized the standard actinomycin D time course and also a novel approach characterized by Zeisel et al. (23) , which specifically measures mRNA or hnRNA, whereby inferences can be made whether changes seen are due to changes in transcription or mRNA stability. Therefore, specific primers for IL-6 mRNA and hnRNA were designed and validated (Scheme 2). Treatment of MCF-7 cells with ASM siRNA resulted in a decrease in PMA-induced IL-6 mRNA levels, probably ruling out mechanisms of translational or secretory regulation as the point of action but implicating transcription or message stability ( Fig.  2A ). To assess mRNA stabilization, an actinomycin D time course was performed in MCF-7 cells in the presence or absence of both PMA and ASM siRNA. PMA resulted in a doubling of IL-6 mRNA stability, and ASM silencing decreased message stability basally and with PMA ( Fig. 2B ). Additionally, IL-6 hnRNA was measured in a similar fashion as in Fig. 2A , which revealed no induction of IL-6 hnRNA upon treatment with PMA; however, ASM siRNA with or without PMA treatment yielded an approximately 40% decrease in IL-6 hnRNA ( Fig. 2C ). Taken together, these data show that ASM has effects on both transcription and stability of IL-6 mRNA. The results also show that PKC activation primarily results in increased IL-6 message stability.
Previous work has demonstrated a role for ASM in the regulation of CCL5/RANTES in response to the cytokines, TNF␣ and IL-1␤ (17) . In order to assess the possibility that PMA is also inducing RANTES through a novel mechanism, MCF-7 cells were treated with PMA and IL-6, and CCL5 mRNA was measured. PMA was found to be a specific inducer of IL-6 and not RANTES, suggesting a novel signaling function for ASM in response to PMA (Fig. 2D ). Additionally, it was of interest to assess the contribution of p38 toward IL-6 expression in our system. Interestingly, there was only a modest decrease in IL-6 mRNA basally and with PMA treatment with the p38 inhibitor BIRB796 (24, 25) in MCF-7 cells ( Fig. 2E ) and HeLa cells (data not shown), although there was robust inhibition of p38 phosphorylation ( Fig. 2F ), suggesting that there could be other pathways by which ASM mediates its effect on IL-6. Therefore, in MCF-7 cells, ASM leads to p38 activation and eventual induction of IL-6 mediated by both changes in transcription and message stability.
Evaluation of IL-6 Protein and RNA in Normal and NPD Fibroblasts-Next, the role of ASM in IL-6 secretion was tested in fibroblasts, which are a significant source of IL-6 during wound healing (26) and can support tumor metastasis (27) . Moreover, the availability of fibroblasts from patients with NPD, which have significantly decreased ASM activity (17) , allows evaluation of the role of ASM in a genetic model. Here we found that NPD fibroblasts have profoundly defective IL-6 SCHEME 1. Sphingolipid salvage pathway SCHEME 2. IL-6 hnRNA and mRNA showing primers designed specifically for each species (R hn or R m ) or both (R both ) with a common forward primer (F). Approximate, relative size of exons is shown (E1-E5). production basally and with TNF␣ when compared with healthy control fibroblasts ( Fig. 3A) .
Next, we investigated the IL-6 RNA dynamics basally and in response to TNF␣ treatment in control and NPD fibroblasts. Loss of acid sphingomyelinase activity was found to decrease levels of IL-6 mRNA basally and with TNF␣ ( Fig.  3B ), as was found at the protein level. However, no difference was found basally in hnRNA levels between control and NPD fibroblasts, but TNF␣-induced IL-6 hnRNA was significantly impaired in NPD fibroblasts ( Fig. 3C ), suggesting that ASM is required for TNF␣-mediated transcriptional activation of the IL-6 gene in fibroblasts. Taken together, the results suggest that ASM plays a role in the basal stability of IL-6 mRNA due to the decrease of basal IL-6 mRNA (but not hnRNA) and then also in mediating TNF␣-dependent transcription of IL-6 hnRNA.
The Role of ASM in IL-6 Production and p38 Activation in HeLa and MDA-MB-231 Cells-The contribution of ASM to IL-6 synthesis was assessed in invasive human cervical HeLa cancer cells as well as human breast MDA-MB-231 cancer cells, because invasive cell lines make significantly more IL-6 in absolute levels than non-invasive lines, and IL-6 plays a role in their malignant properties (3, 5, 28) . First, we evaluated the role of ASM in these additional cell lines in regulating IL-6. Knockdown of ASM by siRNA in HeLa cells resulted in decreased IL-6 production in response to both PMA and TNF␣ (Fig. 4A ). Further, treatment of MDA-231 and HeLa cells with desipramine (50 M), a lysomotropic agent that induces the degradation of ASM (29) , resulted in a dramatic decrease in IL-6 production in all cases (Fig. 4, B and C) . Thus, these results show that ASM is involved in IL-6 production in response to TNF␣ and PMA in two invasive cancer cell lines. Likewise, inhibition of ASM with siRNA or desipramine abrogated p38 phosphorylation in HeLa cells (Fig. 4, D and E) . Next, treatment of HeLa cells with desipramine (50 M) was found to blunt PMA-induced IL-6 mRNA expression, consistent with the model that ASM and p38 induce IL-6 mRNA, leading ultimately to IL-6 protein secretion (Fig. 4F ). The effectiveness of ASM knockdown in HeLa was demonstrated by a significant decrease in ASM mRNA and activity upon 48 h of ASM siRNA treatment (Fig. 4, G and H) . 3) . B, MCF-7 cells were treated with siRNA as before, stimulated with PMA for 90 min, and then treated with 5 g/ml actinomycin D for a 3-h time course, including time points of 0, 1, 2, and 3 h. RNA was harvested, cDNA was prepared, and IL-6 mRNA was measured by qPCR. The remaining amount of mRNA was calculated by normalizing each group to the values at t 0 of actinomycin D. Values represent calculated t1 ⁄2 for each sample group (n ϭ 2). C, MCF-7 cells were treated with 20 nM siRNA for 48 h and then stimulated with PMA for 90 min. As in A, cDNA was prepared, but qPCR was performed utilizing primers specific for IL-6 hnRNA (n ϭ 3). D, MCF-7 cells were treated with either vehicle or PMA for 90 min, cDNA was prepared, qPCR was performed for IL-6, and CCL5/RANTES mRNA was expressed as -fold change from control group (n ϭ 5). E, MCF-7 cells were treated with the indicated agents for 90 min, and RNA was harvested for qRT-PCR with primers specific to IL-6 (n ϭ 3). F, MCF-7 cells were treated with BIRB796 and PMA for 90 min, and whole cell lysates were prepared. Equal protein was loaded in each lane of a 4 -12% SDS-polyacrylamide gel and probed for total p38 or phospho-p38 (p-p38), as indicated. Error bars, S.E. AUGUST 8, 2014 • VOLUME 289 • NUMBER 32
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Differential IL-6 RNA Dynamics in MCF-7 Compared with HeLa and MDA-MB-231 Cells in Response to PMA-Synthesis of IL-6 is a dynamic process with multiple regulated steps, including transcription, message stability, and translation. It is known that protein and mRNA levels of IL-6 are increased in cell lines such as MDA-MB-231 compared with MCF-7, but it is not known whether this is due to stability or transcription (5) . To investigate potential differences and mechanisms in IL-6 RNA dynamics in response to PKC signaling between MCF-7, MDA-MB-231, and HeLa cells, a time course of PMA was performed, and levels of mRNA and hnRNA were determined, utilizing primers with either exonic or intronic reverse primers (23) . In MCF-7, PMA treatment resulted in a 35-fold induction of IL-6 mRNA, yet no detectable change in hnRNA was observed, suggesting that IL-6 induction is primarily due to increased message stability (Fig. 5A ). To further assess the process of transcription, a luciferase-based promoter assay was utilized. Using a human IL-6 promoter assay, PMA stimulated promoter activity by 2.3-fold in MCF7 cells (data not shown). This moderate change does not explain the dramatic induction at the mRNA and protein level in response to PMA (Fig. 1 ), yet it is difficult to reconcile with the unchanged hnRNA levels (Fig.  5A ). Taken together, PKC-mediated induction of IL-6 mRNA in MCF-7 is mediated primarily by message stability and a possible minor contribution of transcription.
Next, IL-6 RNA dynamics were assessed in MDA-MB-231 and HeLa cells. PMA treatment resulted in IL-6 mRNA induction, and further, there was a 2-and 6-fold induction of hnRNA at 45 min in MDA-MB-231 and HeLa, respectively, which preceded the time-dependent increase in mRNA at 90 min (Fig. 5,  B and C) . Additionally, IL-6 promoter activity was assessed in HeLa, and the results showed a 2.8-fold increase in promoter activity in response to PMA (data not shown). Therefore, based on increased IL-6 luciferase promoter activity and increased endogenous hnRNA, PMA results in transcriptional activation of IL-6 expression in HeLa and MDA-MB-231. Conversely, we can infer that PMA also results in increased message stability because, for example, in HeLa cells, a 6-fold increase in transcription is not sufficient to explain the 25-fold increase in IL-6 mRNA. Based on the RNA profiles of MDA-MB-231 and HeLa and the promoter activity assay, IL-6 RNA induction is explained by a combination of transcriptional activation and message stabilization.
Basal Induction of the ASM/IL-6 Pathway in Invasive Cancer Cells-The most striking difference between the cell lines, in the context of IL-6, is the basal level of IL-6 mRNA despite having approximately equivalent basal hnRNA (Fig. 5D ). We wondered if this difference could be due to ASM. To investigate this possibility, we hypothesized that there may be differences in ASM expression between the three cell lines. ASM mRNA was measured by real-time PCR, and the results showed a 2-3fold up-regulation of ASM message in HeLa and MDA-MB-231 compared with MCF-7 (Fig. 5E ). Furthermore, we determined the effects of silencing ASM in HeLa on basal levels of IL-6 mRNA, and the results showed that this caused a 40% reduction in basal IL-6 mRNA (Fig. 5F ). Additionally, overexpression of ASM in MCF-7 led to a 5.3-fold up-regulation of basal IL-6 mRNA (Fig. 5G) . In summary, up-regulation of ASM in invasive cancer cells may play a role in the stabilization of IL-6 mRNA, thus explaining the previous findings that MDA-MB-231 and HeLa cells have higher levels of IL-6 mRNA than MCF7 cells.
Role of ASM in Cancer Cell Invasion-Due to the abundant evidence linking IL-6 to proinvasive biological processes, it became important to assess the role of ASM in cancer cell invasion. HeLa cells were treated with either control or ASM siRNA for 48 h and subsequently transferred to precoated Matrigel invasion wells. Knockdown of ASM resulted in a dramatic FIGURE 3 . Altered expression and production of IL-6 in response to TNF␣ in human Niemann-Pick fibroblasts. A, equal numbers of control (Con) or Niemann-Pick type A disease fibroblasts were plated and treated the next day with TNF␣ for 18 h. Cultured media were assessed for IL-6 by ELISA (n ϭ 2). B and C, WT and NPD fibroblasts were treated with TNF (20 ng/ml) or untreated for 90 min. RNA and cDNA were prepared, and IL-6 mRNA (B) and hnRNA (C) were measured as described under "Experimental Procedures" (n ϭ 2). Error bars, S.E. decrease in serum-induced invasion through Matrigel (Fig. 6A ). ASM was also required for invasion in MDA-MB-231, suggesting that ASM could be playing a fundamental role in the pathological process of invasion (data not shown). Furthermore, we assessed the roles of PKC and p38 in invasion by adding PMA or BIRB796 to the upper chamber during invasion (Fig. 6B) . PMA treatment enhanced invasion over serum-replete medium alone, whereas BIRB796 largely blocked PMA-induced invasion. Pretreatment of BIRB796 with HeLa cells effectively blocks PMA-induced p38 phosphorylation, showing that it is B and C, HeLa (B) or MDA-MB-231 cells (C) were treated with 50 M desipramine or PBS control (Con) for 1 h and then stimulated with PMA and TNF␣ for 3 h. IL-6 in cultured media was measured as above (n ϭ 2). D, HeLa cells were treated with the indicated siRNA for 72 h and then stimulated with TNF␣ (20 ng/ml) for 15 min. Whole cell lysates were subjected to Western blotting for phospho-p38 (p-p38) and p38. Equal amounts of protein were loaded (representative of two experiments). E, HeLa cells were pretreated with 25 M desipramine for 1 h and treated with TNF␣ (20 ng/ml) for 15 min. Whole cell lysates were prepared, and equal amounts of protein were subjected to Western blotting for phospho-p38 and p38 (representative of three experiments). F, HeLa cells were pretreated with PBS or desipramine (50 M) for 1 h and then stimulated with PMA for 90 min. Next, cDNA was synthesized, and qPCR was performed for IL-6 mRNA and normalized to actin as described under "Experimental Procedures" (n ϭ 3). G, HeLa cells were treated with ASM siRNA for 48 h. RNA and cDNA were harvested and prepared, and qPCR was performed for ASM mRNA and normalized to actin (n ϭ 3). H, HeLa cells were transfected as previously for 48 h, and then lysates were harvested, and acid sphingomyelinase activity was measured as described under "Experimental Procedures" (n ϭ 3). Error bars, S.E. active at the used concentration (Fig. 6C) . Additionally, to assess for morphologic changes, immunofluorescent microscopy was performed, which revealed significant loss of typical F-actin stress fibers with a rearrangement of cellular architecture upon ASM knockdown (Fig. 6D ). This striking change was mirrored by decreased levels of phosphorylation of myosin light chain in HeLa (data not shown). Taken together, the results demonstrate a role for ASM in sustaining cytoskeletal changes toward invasion in cancer cells, which is consistent with its role in regulating p38 and IL-6. , and HeLa (C) cells were treated with PMA for 45 or 90 min. Total RNA was harvested, and cDNA was synthesized according to "Experimental Procedures." IL-6 hnRNA and mRNA were measured by qPCR using specific primers for each species, as described under "Experimental Procedures." -Fold change was calculated from untreated controls, and t 0 was represented by the average of untreated samples at 45 and 90 min, being nearly identical (n ϭ 2). D, basal IL-6 hnRNA and mRNA levels from the various cell lines were calculated after normalizing to actin, representing relative amounts between cell lines and between hnRNA versus mRNA. E, ASM mRNA levels were measured by RT-PCR as described under "Experimental Procedures" in MCF-7, MDA-MB-231, and HeLa cells under basal conditions (n ϭ 2). F, HeLa cells were transfected for 48 h with either control or ASM siRNA. RNA was harvested, and RT-PCR was performed for IL-6 mRNA as described above (n ϭ 2). G, MCF-7 cells were transfected for 48 h with either pEF6-EV or pEF6-ASM-V5-His 6 as described under "Experimental Procedures," after which cDNA was prepared, and IL-6 mRNA was measured by RT-PCR and expressed as -fold change (unpaired t test; **, p Ͻ 0.01, n ϭ 3). Error bars, S.E.
DISCUSSION
In this study, a role for ASM was demonstrated in the regulation of p38 signaling and the proinvasive cytokine IL-6 with potential implications for a role for ASM in cancer progression. The biochemical and signaling functions of ASM were specific in that they could be distinguished from those of GBA1, the other key enzyme involved in generation of lysosomal ceramide. ASM was demonstrated to play an important role in IL-6 production at the protein and message level with effects on transcription and message stability. Further, ASM was shown to be critically involved in the pathobiological process of invasion, a possible consequence of its regulation of IL-6.
Regulation of IL-6 by PKC and Sphingolipid Metabolism-
This work reveals a new role for the novel PKC family in upregulating IL-6. This relates to previous work from our laboratory, which showed that the novel isoform PKC␦ is required for ASM activation leading to ceramide accumulation (9) . Moreover, ASM and GBA1 both contribute to PKC␦-dependent ceramide accumulation, which is predominantly C 16 -ceramide (8) . However, unique biological roles for ASM-and GBA1-derived ceramide had not been defined in the same context. Here we show that the novel isoforms of PKC are required for PMA-induced IL-6 production in MCF-7 (Fig. 1A) . Thus, the data provide further evidence linking PKCs to sphingolipid-mediated pathways. FIGURE 6. Role of ASM in invasion and cytoskeletal changes in HeLa cells. A, HeLa cells were treated with control (Con) or ASM siRNA for 48 h and trypsinized, and equal cells were plated in precoated Matrigel wells. After 48 h of incubation with or without serum in the lower chamber, invaded cells were stained and counted in 4 fields/well (n ϭ 2). B, HeLa cells were treated with the indicated agents for 90 min, trypsinized, resuspended in serum-free medium, and seeded at 2.5 ϫ 10 4 cells/well in the upper well of a Matrigel transwell invasion assay plate. The indicated agents were then added to the upper wells of the transwell plate, and either serum-replete or serum-free medium was added to the lower chamber (two-way analysis of variance, Bonferroni's post-test; ****, p Ͻ 0.0001, control compared with PMA and PMA compared with PMA ϩ BIRB796, n ϭ 3). C, HeLa cells were treated with the indicated agents for 90 min, and total protein was harvested. Equal protein was loaded in each lane of a 4 -12% SDS-polyacrylamide gel and probed for total p38 or phospho-p38 as indicated. D, HeLa cells transfected with control or ASM siRNA for 48 h were visualized by immunofluorescence for vimentin (green), F-actin (red; phalloidin), and nuclei (blue; DRAQ5). E, scheme depicting the role of p38 and ASM in IL-6 production and malignant progression of tumor cells.
Our results reveal distinct roles for ASM and GBA1 in the regulation of IL-6, suggesting that ASM-and GBA1-derived ceramides have opposing biological functions despite being predominantly structurally identical (mostly C 16 -ceramide) ( Fig. 1B) (8) . These findings raise the possibility of a novel paradigm that not only the specific identity of a bioactive sphingolipid is important, but the enzyme from which it is produced within a subcellular location may dictate its biologic function. Based on our studies, the subcellular topology was not defined, but we speculate that ASM and GBA1 are acting on their respective substrates at somewhat distinct points in the endolysosomal system, which is involved in recycling SM and glucosylceramide from the plasma membrane to the lysosome (30, 31) . In terms of transducing a signal, the plasma membrane or early endosomes appear to be a more likely candidate than the lysosome, which itself is encased by the limiting membrane, where ASM and GBA1 are in the lumen, bound to and degrading internal membranes within the lysosome. Alternatively, or in addition, the levels of substrates of these two enzymes could play a key role in dictating the specific functions attributed to ASM versus those attributed to GBA1.
Regulation of Cytokine Production and p38 by ASM-Previous reports have studied cytokine regulation by ASM with varying results. This is probably due to the use of various approaches and distinct regulation of different cytokines. Previous studies have used ASM Ϫ/Ϫ peritoneal macrophages, showing no requirement of ASM for the production of various inflammatory mediators, including nitric oxide, TNF␣, and IL-1␤ (13, 32) . Conversely, a transcriptional inhibitor of ASM, SMA-7, was shown to reduce cytokine production, although the specificity of this inhibitor has not been well established (14) . Additionally, while this work was in progress, Kumagai et al. (15) showed involvement of ASM in the synergistic production of IL-6 in response to carcinogenic electrophiles with TNF␣ but not TNF␣ alone in bladder cancer cells, where these electrophiles resulted in ASM up-regulation. Further, recent work by Jin et al. (34) showed ASM involvement in palmitic acid-induced IL-6 up-regulation in macrophages, suggesting a common role for ASM in IL-6 production.
Previous work from our laboratory has demonstrated a role for ASM in the production of the chemokine, CCL5/RANTES (17) . Interestingly, this is probably a distinct pathway of regulation from that by which ASM regulates IL-6. This is supported by the requirement of ACD for induction of RANTES, whereas loss of ACD trended toward an increase in IL-6 production in MCF-7, thus distinguishing these two pathways. Additionally, PMA was found to be a specific inducer of IL-6 ( Fig. 2D ). One explanation of these data is that IL-6 and CCL5/RANTES are distinct in their expression pattern in response to cytokine stimulation, IL-6 being rapidly induced whereas RANTES displays slower kinetics (35) . Consistent with this, IL-6 mRNA is basally unstable, containing multiple 3Ј-UTR AU-rich elements and is regulated substantially by increases in stability, whereas RANTES mRNA is intrinsically very stable (35) . What is emerging, therefore, suggests coordinated regulation of these classes of cytokines by sphingolipids, such as ceramide, sphingosine, and sphingosine 1-phosphate. Ceramide, produced first metabolically, may be critical for IL-6, which is induced acutely, and then accumulation of sphingosine may trigger the transition to induction of late response genes, such as RANTES.
This work provides novel evidence for a role for ASM in p38 activation in cancer cells. Previous evidence showed that ASM is not required for p38 signaling in murine macrophages by using ASM Ϫ/Ϫ macrophages, a different context from that employed here and with inherent caveats concerning complete knock-out systems for sphingolipid enzymes (i.e. they recapitulate genetic disease but may not capture the biological role of the enzyme). More likely, the role of ASM in p38 signaling may be cell type-specific. There are some reports of exogenous ceramide activating p38 signaling, but there is no previous evidence demonstrating that a specific ceramide-producing enzyme is required for p38 activation (13, 36 -38) . Moreover, if the enzyme from which ceramide is derived dictates its function, then exogenous ceramide is unlikely to recapitulate the function of specific pools of endogenous ceramides. Despite a role for ASM in p38 activation shown here, the mechanism of this effect is still elusive. ASM may be directly involved in the signaling in response to outside signals to p38, or the loss of ASM may render cells unable to activate p38 by a gain of function upon inhibition of ASM. Preliminary results show activation of p38 upon overexpression of ASM in HeLa (data not shown), arguing against the possibility that loss of ASM results in a gain of function that blocks p38 activation. Additionally, recent work by Adada et al. has shown that sphingosine kinase 1 and sphingosine 1-phosphate are involved in p38 activation in HeLa (39) , which raises the possibility that ASM, ACD and sphingosine kinase 1 may function in concert to produce sphingosine 1-phosphate, which could lead to activation of p38. However, this would be cell type-specific because, in MCF-7 cells, ACD is not required for p38 phosphorylation (Fig. 1C) . In light of the body of literature showing activation of sphingomyelinase activity and ceramide accumulation in response to outside signals (8 -10, 40) , it is not far-fetched that ASM/ceramide participate in the acute activation of p38, and other ceramideproducing enzymes contribute to resolution of p38 activity.
Implications for Cancer Biology-The finding that ASM is involved in IL-6 production and invasion casts ASM in a novel role. Previous literature has implicated ASM in the accumulation of ceramide and downstream apoptosis in response to UV light (41, 42) , ionizing radiation (43) , and other stimuli (44 -46) . One could speculate that activation of ASM in normal cells is capable of inducing apoptosis, but once cancer cells are resistant to cell death, ASM activity could translate to increased inflammatory cytokines and invasiveness. In some ways, this is analogous to the dual nature of p38 signaling in apoptosis versus oncogenic properties (47) . Additionally, due to the accumulating evidence for IL-6 as a critical player in cancer biology, targeting pathways that are involved in IL-6 synthesis or downstream effects may prove to be a powerful approach for attenuating invasion and metastasis (1, 33) . Inhibition of ASM could be a therapeutic means to block IL-6 produced in the microenvironment by tumor cells, which is required for invasion. Future work is needed to evaluate the role of ASM in cancer progression or metastasis.
In summary, this work provides evidence for a clear role for ASM in the regulation of p38 signaling and IL-6 production.
This regulation is specific in that other sphingolipid salvage pathway enzymes did not replicate this. ASM was found to be essential for p38 activation as well, defining a role in upstream signaling to IL-6. In line with this, ASM was required for invasion of HeLa cells. Moreover, ASM may play a critical role in mediating the increased levels of IL-6 found in invasive cell lines. The contribution of ASM to both malignant progression and IL-6 production is partially dependent on p38; however, a p38-independent mechanism may still directly link ASM to invasion and IL-6 production (Fig. 6E ). This implicates ASM as a novel player in several malignant cancer properties and may indicate that ASM is an attractive target for therapeutic intervention in addition to p38. This work, for the first time, demonstrates a regulatory role for ASM in a signaling pathway and a biological outcome of cytokine induction, including mechanistic insights and disease implications. Further investigation is needed to understand how ASM is mediating its effects on p38 and IL-6.
